Pepsin-solubilized collagen (PSC) was conjugated with carboxymethyl dextran (CMD) using cyanogen bromide to obtain a PSC-CMD film having improved physical properties, physiological properties, and cell affinity. The conjugation was confirmed by the loss of the -and -subunit chains and the polymerized band on SDS-PAGE, and by a decrease in the isoelectric point to 3.2. PSC-CMD had a large polymerized structure with the 6 PSC and 228 CMD molecules. PSC-CMD was readily soluble in water, reconstructed a matrix with a less-ordered structure and a characteristic morphological shape, and lost platelet aggregation-inducing ability. The PSC-CMD film, cross-linked by ultraviolet irradiation, exhibited reduced solubility, moderate water vapor permeability, and increased flexibility. PSC-CMD coatings exhibited good cell attachment and growth for fibroblasts and vein endothrical cells.
substantially based on such biological functions, as the scaffold for cell attachment, differentiation and migration, and maintenance of cell function and morphological shape, as well as on the physical properties and molding properties of collagen. It is therefore important properly to control such fundamental material properties as the mechanical strength, solubility, permeability of vapor and of biomolecules, blood coagulation, and cell adhesion and proliferation according to the objective.
Many studies have been carried out to improve these functional properties. Irradiation by ultraviolet (UV), 1) -ray, 2) and electron beam, 3) and treatment with watersoluble carbodiimide 4, 5) and transglutaminase 5, 6) have been applied to increase the mechanical strength and reduce the solubility by cross-linking among collagen molecules. Control of collagen matrix reconstruction with non-collagenous substances interacting with collagen has also been extensively studied to provide combined collagen materials with improved functional properties. For example, glycosaminoglycans such as dermatan sulfate, 7) chondroitin sulfate, 7) and hyaluronic acid, 7) phosphated or sulfated polysaccharides such as phosphated starch, 8) phosphated dextran, 8) and sulfated dextran, 8) proteoglycans, 9) solubilized elastin, 10) solubilized egg shell membrane protein, 11, 12) collagen-binding peptide, 13) and phospholipid 14) have been applied as functional modifiers to reconstruct a collagen matrix rapidly with a uniform and stable macrostructure, and to provide hybrid gels and combined collagen moldings such as films and porous materials with improved elasticity, solubility, zeta potential, permeation of vapor or glucose, biomineralization, and blood coagulation by applying solvent evaporation, lyophilization, or chemical cross-linking as appropriate, However, these combined moldings have the potential shortcoming that platelet aggregation can eventually occur on the exposed site of a heparin-combined protamine-binding collagen material due to gradual release of the fixed heparin. 15) This shortcoming might be resolved by conjugating with an anticoagulant to achieve stable inhibition of platelet aggregation by preventing such release. In addition, such polymers as fibroin, 16) soluble egg shell membrane protein, 17) heparin, 18) chitin, 19) chitosan, 20) 2-polypropyleneimine octa-amine dendrimer, 21) polycaprolactone, 22) poly(ethylene oxide)/poly(propylene oxide) block copolymer, 23) polyelectrolyte copolymer, 24) and N-isopropylacrylamide, acrylic acid and acryloxysuccinimide copolymer 25) have also recently been preferentially applied to improve the cell attachment, growth, and y To whom correspondence should be addressed. Tel: +81-42-367-5712; Fax: +81-42-360-8830; E-mail: k-taka@cc.tuat.ac.jp differentiation of fibroblasts, keratinocytes, hepatocytes, endothelial cells, and corneal epithelial cell for medical uses, but most of these improvements were carried out by incorporating the polymer modifiers with the collagen matrix to obtain combined collagen moldings, or by coating the surface of the collagen moldings and polymerizing the graft. There has been little research on improving the collagen molecules themselves by conjugation with functional modifiers; exceptions have been glycation-mediated cross-linking by the Maillard reaction with glucose and by periodate-oxidized glucose, 26) and chemical modification, typically by succinylation, 27) resulting respectively in the repression of fibroblast migration and substantial changes in the physicochemical features and inhibition of blood coagulation. We have reported that carboxymethyl dextran (CMD)-conjugated pepsin-solubilized collagen (PSC) that was soluble in water can be prepared by using cyanogen bromide to reduce the self-assembling ability of collagen, and to inhibit platelet aggregation. 28) This suggests the effectiveness of PSC-CMD as a new biomaterial for medical use. As a first step towards the development of artificial skin and vessels prepared with PSC-CMD, the present study thus elucidates the structural features and an improved ability for the inhibition of platelet aggregation of PSC-CMD. It explains a cross-linked PSC-CMD film with reduced solubility, increased flexibility, improved water vapor permeability, and good adhesion and growth for fibroblasts and endothelial cells.
Materials and Methods
Preparation of pepsin-solubilized collagen (PSC). PSC was prepared from insoluble pigskin collagen by solubilizing it with pepsin in 0.5 M acetic acid containing 0.5 M NaCl, according to the procedure of Takahashi and Hattori. 10) Effective removal of the telopeptide of the collagen molecules was estimated by the amino acid composition of PCS, showing only a trace of tyrosine (1 residue/1,000 amino acid residues) as compared with that of insoluble collagen (7 residues/1,000 amino acid residues) ( Table 1) .
Preparation of carboxymethyl dextran (CMD). CMD was prepared according to the procedure of Hattori et al. 29) In brief, monochloroacetic acid (30 g) was dissolved in 200 ml of distilled water, and then 35 ml of 50% NaOH was added before dissolving dextran T10 (Mr 10,000, GE Healthcare UK, Buckingham, UK). The reaction mixture was incubated at 40 C for 46 h. After cooling to room temperature, acetic acid was added to pH 6.0 to stop further carboxymetthylation, and then the reaction product was dialyzed against distilled water to recover CMD by lyophilization. The degree of modification, determined with a CMD D 2 O solution by 1 H-NMR (400 MHz Jeol AL-400, Tokyo, Japan), showed 25 carboxymethyl groups per molecule.
Preparation of PSC-CMD. PSC-CMD was prepared according to the previous procedure, 28) based on the original method of Marshall and Rabinowitz, 30) by twice activating CMD with cyanogen bromide at pH 10.7 at room temperature for 30 min, then, cross-linking between PSC and CMD at pH 9.0 at 4 C for 12 h, stopping the reaction by adding glycine, and finally standing at 4 C for 12 h. The prepared PSC-CMD sample was dialyzed against distilled water to recover crude PSC-CMD by lyophilization. This crude PSC-CMD was dissolved in phosphate-buffered saline (PBS) at pH 7.0 to give 0.03%, and then concentrated to 0.075% using a Pellicon Milli filter (Biomax-100, Mr 100,000 cut-off, Millipore, Tokyo, Japan). The concentrate was then diluted with PBS to 0.03%, and this concentration process was repeated 6 more times to eliminate unreacted CMD. The final concentrate was dialyzed against distilled water and then lyophilized to recover PSC-CMD.
Matrix reconstruction. The collagen matrix was reconstructed as previously described. 10) PSC and PSC-CMD respectively were dissolved in 0.05 M acetic acid and a 0.05 M acetate buffer (pH 7.0) to give a collagen concentration of about 0.045%, before being adjusted to pH 7.0 with 0.05 M NaOH. After elimination of any insoluble material by centrifuging at 38;800 Â g for 30 min, the collagen concentration was adjusted to precisely 0.045%. Each sample solution (3 ml) was degassed in an ice bath and then incubated at 30 C to reconstruct the matrix, with monitoring by measuring the absorbance at 310 nm. After incubation for 24 h, the amount of reconstructed matrix was evaluated by measuring the collagen concentration of the supernatant resulting from centrifugation at about 31;000 Â g at 20 C for 40 min according to the absorbance at 210 nm.
Preparation of PSC-CMD film. PSC and PSC-CMD films were prepared according to the method described previously. 17) In brief, PSC and PSC-CMD respectively were dissolved in 0.05 M acetic acid and a 0.05 M acetate buffer (pH 6.0), and adjusted to pH 6.0 with 0.5 M NaOH. After dilution to give a collagen concentration of 0.3% and degassing in an ice bath, the sample solution (10 ml) was poured into an acrylic resin tray (5 Â 5 Â 1 cm 3 ) lined with parafilm, and then incubated at 37 C for 24 h. The reconstructed matrix was dried for 24 h under an air stream at room temperature, then desalted 3 times each with 70% ethanol and 99.5% ethanol, and then re-dried under an air stream at room temperature for 24 h to obtain the film. Cross-linking of the prepared films was achieved by UV irradiation for 1 or 24 h.
Microplate coating with PSC-CMD. A 96-well microplate was coated with PSC or PSC-CMD, as previously described. 17) In brief, the PSC and PSC-CMD solutions (pH 6.0, 0.01%) were prepared as just described. The sample solution (30 ml) was poured into a 96-well plate (Beckton Dickinson, Newark, NJ, USA), and then air-dried for 24 h in a sterile enclosure. The coated microplate was obtained by desalting 3 times each with 300 ml of 70% ethanol and 99.5% ethanol, and then drying for 24 h in a sterile enclosure, before UVirradiation for 5 min, and then was stored in a sterilized steel box until needed.
Scanning electron microscopy (SEM). SEM for the PSC and PSC-CMD matrices was performed as previously described. 10) In brief, the matrix, which had been reconstructed over 24 h by the method just described, was washed 3 times to remove free PSC or PSC-CMD with fresh buffer by centrifugation at 1;080 Â g for 40 min. The supernatant was removed after each wash. The washed matrix was fixed with a 0.05 M acetate buffer (pH 7.0) containing 2% glutaraldehyde at 4 C for 15 h, thoroughly washed with distilled water, and dehydrated in ethanol at stepwise concentrations of 50, 70, 80, 95, 99, and 99.5%. After critical-point drying (HCP-2 apparatus, Hitachi, Tokyo, Japan) with carbon dioxide and ion-sputtering with gold at 10 mA for 120 s (E-120 apparatus, Hitachi, Tokyo), SEM was conducted with an S-3500N scanning microscope (Hitachi, Tokyo, Japan) at an accelerating voltage of 10 kV.
Static light scattering. PSC and PSC-CMD respectively were dissolved in 0.05 M acetic acid and distilled water to give a concentration of 0.1% at 4 C, and then diluted to 0.1, 0.2, 0.4, and 0.6 mg/ml, with each solvent passed twice through a 0.1-mm membrane filter (Advantec, Tokyo, Japan). PSC-CMD (1 mg) digested with 10 U of dextranase (from Penicillium sp.; SigmaAldrich, St. Louis, MO, USA) at 37 C for 15 h in a 0.1 M potassium phosphate buffer (pH 6.0) was also used. After passing through a 0.45-mm membrane filter for PSC and the dextranase-digested PSC-CMD, or through a 1.2-mm membrane filter (Advantec, Tokyo, Japan) for PSC-CMD, static light scattering was conducted with Dynamic Light Scattering Spectrophotometer DLS-7000 and Double Beam Differential Refractometer DRM-1021 (Otsuka Electonics, Osaka, Japan) with a 10-mW He-Ne laser at 30-120 at 25 C. The weight average molecular weight (M W ) and radius of gyration (R G ) were determined by Berry plot.
Differential scanning calorimetry (DSC). PSC, PSC-CMD, their film samples (1 mg), and 40 ml of distilled water or a CMD solution were put into a silver sample capsule (70 ml), and the capsule was sealed. After aging at 4
C for 15 h to swell fully, DSC was performed with an SSC-5020 DSC 6100 apparatus (SII NanoTechnologies, Tokyo, Japan) to evaluate the thermal denaturation of collagen, as previously described.
31)
Platelet aggregation assay. A platelet aggregation assay was performed by a modification of the method of Born, 28, 32) using a UV160 spectrophotometer (Shimadzu, Kyoto, Japan) fitted with a heating apparatus and a stirrer. In brief, platelet-rich plasma (PRP) was prepared from a healthy volunteer's peripheral blood by centrifugation at 226 Â g for 10 min, and platelet-poor plasma (PPP) was prepared from the remaining plasma by centrifugation at 2;000 Â g for 10 min. PRP was diluted with PPP to 3 Â 10 5 cells/ml. This platelet suspension (3 ml) and PPP were individually placed in plastic cuvettes, and pre-incubated at 37 C for 2 min while stirring at 400 rpm. An aliquot (0.3 ml) of a test sample (PSC, 1.0 mg/ml; PSC-CMD, 1.0 mg/ml; PSC/ CMD mixture at the same molar ratio as that of the conjugate, 1.0 mg/ml; CMD, 0.2 mg/ml; or ADP, 1 mM) dissolved in PBS was added to the platelet suspension. The platelet aggregation was measured with stirring at 400 rpm by recording the decrease in absorbance at 600 nm.
Measurement of solubility. Each film sample (2 mg) was suspended in 4 ml of distilled water or 0.5 M acetic acid, and incubated at 37 C for 1 h or at 4 C for 15 h, respectively. After this incubation, each supernatant was obtained by passing the solution through a 0.2-mm membrane filter (Advantec, Tokyo, Japan). Solubility was evaluated by measuring the collagen concentration of the supernatant by the absorbance at 210 nm.
Measurement of the water vapor permeability of the PSC-CMD film. The water vapor permeability of the PSC-CMD film was measured by the method described previously. 33) In brief, a 70-ml silver capsule containing 40 ml of distilled water was covered with the film and then sealed with an adhesive. The sealed capsule was incubated at 37 C for the indicated times (0-6 h), and then weighed. The water vapor permeability was evaluated from the decrease in weight.
Measurement of the dynamic viscoelasticity of the PSC-CMD film. The dynamic viscoelasticity of the dry and wet PSC-CMD film was measured by using a Rheometrics solid analyzer II (TA Instruments, New Castle, DE, USA), as previously described. 17) The measurement was performed under a 1-Hz frequency and 0.05% strain at 25 C at a 6:5 Â 3:5 mm 2 sample size for the test on the dry film, and in PBS (pH 7.4) at 37 C at 1-Hz frequency and 0.01% strain after it was held at 37 C for 10 min to swell fully for the test on the wet film. The storage modulus of elasticity (E 0 ) was obtained as the mean value from the result for the initial 10-s period.
Evaluation of the adhesion and growth of fibroblasts in the PSC-CMD-coated wells. The adhesion and growth of fibroblasts were evaluated by the method described previously. 17) A 96-well plate coated with PSC-CMD was irradiated with a 15-W UV lamp at a distance of 70 cm for 30 min to sterilize it just before use, and the coating was swollen at room temperature for 1 h by adding 100 ml of Eagle's minimum essential medium (MEM) supplemented with 10% fetal bovine serum (FBS; JRH Biosciences, Lenexa, KS, USA), 0.2% NaHCO 3 , 50 IU/ml of penicillin, and 50 mg/ml of streptomycin. Cultured CCD-27SK cells (Dainippon Pharmaceutical, Tokyo, Japan), derived from human dermis fibroblasts, were grown in the medium under a water-saturated atmosphere of 5% CO 2 in air at 37 C. To determine cell adhesion, aliquots (100 ml each) of a cell suspension containing 1:5 Â 10 4 cells were plated in wells coated with PSC-CMD. After incubation under the same conditions for 15, 30, or 60 min, the wells were washed 3 times with 100 ml of PBS, and the medium was replaced with fresh MEM for a further 1 h of incubation. WST-1 reagent (10 ml) (Dojindo, Kumamoto, Japan) was added to each well, and incubation was continued for 2 h. The absorbance at 405 nm was measured with an MPR A4i microplate reader (Tosoh, Tokyo, Japan), and the number of adhering cells was determined by referring to a curve of the absorbance at 405 nm versus the cell number that had been previously drawn. Four measurements were carried out at each time.
To examine cell growth, aliquots (100 ml each) of a cell suspension containing 3 Â 10 3 cells were plated in wells coated with PSC-CMD and incubated under the same conditions for 1, 3, 5, or 7 d. The number of cultured cells was measured as just described.
Evaluation of the adhesion and growth of vein endothelial cells in the PSC-CMD-coated wells. A 96-well plate coated with PSC-CMD was irradiated with a 15-W UV lamp, and the coating was swollen by adding 100 ml of CS-C complete medium (Cell Systems, Kirkland, WA, USA) containing 50 IU/ml of penicillin and 50 mg/ml of streptomycin, as just described. Human umbilical vein endothelial cells (CS-2BAC3-C75; DS Pharma Biomedical, Tokyo, Japan) were grown in the medium under the same conditions as those used for the fibroblasts, and aliquots (100 ml each) of a cell suspension containing 1:5 Â 10 4 cells were plated in the PSC-CMD-coated wells. After incubation for 15, 30, 60, or 120 min, washing 3 times with PBS, and replacement with a fresh medium, a WST-1 assay was carried out in the same manner as for that used the fibroblasts. Four measurements were carried out each time.
To examine cell growth, aliquots (100 ml each) of a cell suspension containing 3 Â 10 3 cells were plated in PSC-CMD-coated wells and incubated under the same conditions for 1, 3, 5, or 7 d. The number of cultured cells was measured as described above.
Chemical analysis. The collagen and saccharide contents of PSC-CMD were measured by the absorbance at 210 nm as PSC and the phenol-sulfuric acid method 34) as CMD, respectively. The amino acid composition of PSC was determined as described previously. 35) Isoelecrtic point (pI). The pI of the PSC-CMD conjugate was determined as described previously.
36)
SDS-PAGE. SDS-PAGE was carried out using 5% gel (NPU-5L, Atto, Tokyo, Japan) by the method of Laemmli, 37) followed by CBB or silver staining. The stained bands for the collagen subunits were assigned according to the previous results.

Results and Discussion
Physicochemical features of PSC-CMD PSC and CMD were conjugated by cross-linking between the amino group of PSC and the activated hydroxyl group of CMD by the BrCN method 28) and then elimination of unreacted CMD from the crude conjugate by ultrafiltration repeated 7 times. The yield of PSC-CMD was about 56% based on the crude conjugate. The molar ratio of PSC and CMD in PSC-CMD, determined by the absorbance at 210 nm and by the phenol-sulfuric acid method, 34) respectively, was PSC:CMD = 1:38 (Table 2) , a markedly higher CMD content than that (1:2.3) of the previous PSC-CMD preparation, 28) probably due to the improved reaction efficiency resulting from the 4-fold scaled-up experiment. Since the Lys and Hyl content was determined to be 38 residues/1,000 amino acid residues (Table 1) , about 30% of the "-amino groups of the PSC molecule is estimated to have taken part in the conjugation with CMD. SDS-PAGE of the PSC-CMD conjugate failed to show any band with the same mobility as those of the and chains, showing only high-molecular-weight components above chain, whereas a mixture of PSC and CMD with the same composition as PSC-CMD showed substantially the same SDS-PAGE pattern as that of PSC alone (Fig. 1) . This suggests that PSC-CMD highly polymerized through the CMD moieties can be prepared. The isoelectric point (pI) of PSC-CMD decreased to 3.2 from that of PSC (9.6) ( Table 2) , also supporting the conjugated nature of PSC and CMD. The weight average molecular weights (M W ) and radii of gyration (R G ) of PSC-CMD, dextranase-digested PSC-CMD, and PSC in each appropriate solvent were evaluated by static light scattering. The M W value for PSC suggests that it was present in 0.05 M acetic acid as a large associate having about 11 PSC molecules (Table 2) . On the other hand, it was estimated from M W and the molecular ratio of PSC-CMD that it might have been present as a complex polymer having about 6 PSC molecules and 228 CMD molecules in distilled water, because PSC-CMD hardly formed associates, probably due to the electrostatic repulsion of the CMD moiety as described below. R G for PSC-CMD was also 1.4 times larger than that for PSC. When PSC-CMD was digested with dextranase, M W and R G of digested PSC-CMD decreased to less than about one quarter and 60% of the undigested PSC-CMD value, respectively due to excision of the CMD moiety. The thermal denaturation behaviors of PSC and PSC-CMD were evaluated by DSC after they were fully swollen in distilled water at 4 C for 15 h. The denaturation temperature (T o ) of PSC was about 40 C, whereas PSC in the CMD solution with the same CMD content as that of PSC-CMD showed a significantly higher T o value than PSC. This increase in T o was due to an increase in the intermolecular cohesive force of PSC with added CMD, because polyanionic CMD neutralized the electrostatic repulsion between the PSC molecules with a cationic net charge. However, PSC-CMD showed almost the same T o value as PSC. This suggests that a molecular assemblage having a less ordered structure was formed at the time of dialysis against distilled water and subsequent lyophilization, recovering PSC-CMD, corresponding to the result for static light scattering described above. The enthalpy change for PSC-CMD was significantly lower than that for PSC, probably due to inhibition of the thermal transition of the PSC moiety by the binding of many CMD molecules.
Progress in the molecular assembly of PSC or PSC-CMD was evaluated in a 0.05 M acetate buffer (pH 7.0) by the increase in the absorbance at 310 nm with incubation time. The absorbance/incubation time curve can generally be characterized by three steps reflecting a lag phase with no absorbance change, a sigmoidal growth phase, and a stationary phase which can slowly increase as molecular assembly is completed and the matrix is reconstructed.
9) The lag time, the time required to reach maximum velocity of the molecular assembly (T max ), and the reconstructed matrix rate for PSC (Table 3) showed that the PSC molecules were rapidly assembled to reconstruct the matrix, and that almost all the PSC molecules were incorporated in the matrix over 24 h of incubation, but no absorbance change was apparent in PSC-CMD during the time of measurement, indicating marked inhibition of the molecular assembly of collagen, probably due to steric hindrance by the CMD moiety conjugated with PSC. This low level of molecular assembly was much less than that of the previous PSC-CMD preparation, for which molecular assembly was initiated after about 1.7 times the lag time for PSC. 28) The matrix reconstruction ratio of PSC-CMD conjugate was also very much lower than that of PSC. Hence, it is concluded that the present PSC-CMD conjugate had markedly lower ability for molecular assembly and matrix reconstruction than PSC and the previously prepared PSC-CMD conjugate. The morphological features of the matrices reconstructed for the 24-h incubation were examined by SEM after eliminating non-fibrilized collagen. SEM of the PSC matrix without CMD showed a well-developed network structure with fine fibrils, whereas the PSC-CMD matrix exhibited a less developed and more porous network structure with smooth and irregularly shaped condensates, such as an amorphous-like structure (Fig. 2) , probably because the matrix was reconstructed with a peculiar molecular assembly, which was not seen with the previous PSC-CMD preparation.
The platelet aggregation behavior for PSC and PSC-CMD was evaluated by the increase in absorbance of the platelet suspension. It was confirmed by the immediate aggregation resulting from added ADP that the platelet sample used had normal aggregation activity. The onset time for PSC was 411 s, while the PSC/CMD mixture with the same composition as that of the PSC-CMD conjugate was 348 s (Table 3) , because CMD accelerated collagen molecular assembly. 28) However, the PSC-CMD conjugate did not induce aggregation within 2,000 s, twice the previous test time. 28 ) Addition of PBS and CMD solutions at the same concentration as that of the PSC-CMD conjugate showed no aggregation. The improved function of PSC-CMD in showing no platelet aggregation was probably caused by its characteristic polymerized structure, which made it difficult to produce the ordered molecular assembly during the assay required to give the scaffolds for platelet aggregation, 38) and/or by shielding with the CMD moiety the recognition sequence (residues 502-516, essentially residues 502-507) of the 1(I) chain of collagen I for platelet membrane glycoproteins such as integrin 2 1 , which mediates collagen-platelet interaction.
39) It is hence suggested that PSC-CMD can be applied as a novel collagen material without blood coagulation activity.
Physical properties of the PSC-CMD film Transparent PSC and PSC-CMD films were prepared from each solution by air-drying, de-salting with ethanol, and UV irradiation as required. The PSC-CMD film was a thicker, higher density film than the PSC film due to its content of CMD (Table 4 ). The PSC-CMD film exhibited markedly lower solubility in distilled water at 37 C for 1 h and in 0.5 M acetic acid at 4
C for 12 h than the PSC film, which is indicative of fairly good stability, and UV irradiation for 1 h or 2 h resulted in further reduced solubility (Table 4) , indicative of adequate stability.
The thermal denaturation behavior of the films was evaluated by DSC. The PSC film showed a markedly increased T o (about 48 C) (Table 4 ) than the PSC preparation (about 40 C) just described, because the PSC film had been prepared from the reconstructed matrix, a greater intermolecular cohesion than the PSC preparation without any molecular assembly process. However, T o of the PSC-CMD film was only about 1 C higher than that of the PSC preparation, probably due to inadequate matrix reconstruction of PSC-CMD resulting from the less-ordered molecular assembly. Consequently, the denaturation temperature and enthalpy of the PSC-CMD film were both significantly lower than those of the PSC film, probably due to the less-ordered molecular assembly and to the inhibition of thermal transition of the PSC moiety resulting from the binding of many CMDs, respectively. UV irradiation elevated the denaturation temperature and reduced the enthalpy, probably due to intermolecular cross-linking. This corresponded well with the increased resistance to dissolution.
The dynamic viscoelasticity of the dry and wet films was measured in air at 25 C and in PBS at 37 C respectively to determine the improved flexibility due to conjugation with CMD. Since the values for the storage modulus (E 0 ) of the PSC and PSC-CMD films showed strain-independence and frequency-independence of up to 0.4% and 3 Hz respectively (data not shown), the dynamic viscoelasticity was measured at 0.01% strain and 1 Hz frequency. Comparing the results in the dry condition with those in the wet condition, wetting resulted in a marked decrease in E 0 values for both films, the PSC-CMD film in particular exhibiting a decrease of two orders of magnitude, probably due to increased flexibility from the strong water-holding ability of the CMD moiety (Table 4 ). The PSC-CMD film exhibited lower E 0 values than the PSC film under both conditions; the wet film in particular was reduced to about half the value. This is indicative of the improved flexibility of the PSC-CMD film, probably due to reconstruction of the less-ordered structure by conjugation. UV irradiation had no distinct effect on the storage modulus.
Permeation of water vapor through the film was measured to evaluate the degree of sweating (hyperdampness) in case of contact with the dermis. The capsule containing distilled water sealed with a polyvinylidene chloride film showed no water loss at 37 C over a 360-min period, indicating complete sealing of the capsule. Since the water loss through the films increased linearly with increasing incubation time (data not shown), the permeation of water vapor was evaluated by the initial permeation rate after a 30-min incubation. The UV-irradiated PSC film showed a higher initial permeation rate than the PSC film (Table 4 ). This suggests that cross-linking by UV irradiation induced some strain in the collagen fibrils, resulting in easier permeation of water vapor. The PSC-CMD film showed considerably higher permeation than the PSC film, probably due to the porous network structure of the PSC-CMD matrix as compared with that of the PSC matrix (Fig. 2) , whereas UV irradiation reduced the initial permeation of the PSC-CMD film to the level of the UV-irradiated PSC film. The moderate permeation of the UV-irradiated PSC-CMD film was presumably due to contraction of the clearance within the network structure by cross-linking of the PSC moiety in the amorphous-like structure, although this assumption must be further investigated. It is hence concluded that the UV-irradiated PSC-CMD film exhibited its characteristic physical properties in terms of lower dissolution behavior, peculiar molecular assembly with reduced intermolecular cohesion, good flexibility, and moderate permeation of water vapor.
Adhesion and growth of fibroblasts and endothelial cells in the PSC-CMD-coated wells
A 96-well plate was coated with PSC and PSC-CMD at 3 mg per well based on collagen, and then cross-linked by UV irradiation to determine the adhesion and growth behavior of fibroblasts for the PSC-CMD conjugate. The fibroblasts adhered inferiorly to the control wells without any coating, whereas the fibroblasts preferentially adhered to the PSC-CMD-and PSC-coated wells as compared with the control (Fig. 3A) . Adhesion to the PSC-CMD-coated wells suggests that the CMD chain was linked to the amino group of the basic amino acid residue, except for the Arg residue 507, because such cells as fibrosarcoma cells and Rugli cells from a rat glioma recognize the residues 502-507 to adhere. 39) If the Lys residue is a binding site of the CMD chain due to its high reactivity, it may well be that the binding site was Lys residues 479 and/or 531, somewhat distant from the recognition sequence for cell adhesion. Thus the bulk of the CMD moiety (M r 10,000) may have been small to shield the recognition sequence effectively. However, the binding site of the CMD chain and the extent of shielding of the recognition sequence should be separately elucidated. Comparing the counts of cells adhering to the coated wells, the coating with PSC-CMD showed higher adhesion than that with the PSC. In particular, adhesion to PSC-CMD was significantly C for 15 h. 4 Mean AE standard deviation (n ¼ 3). Means with different letters in the same line are significantly different (P < 0:05) by Student's t test.
higher than to PSC 15 and 60 min after incubation. This higher adhesion was probably due to reduced exposure of the well surface, resulting from the poor fibrillogenesis of PSC-CMD, in comparison with partial exposure of the well surface from the good fibrillogenesis of PSC, as described above. Cell growth in the PSC-CMD-coated wells was also more favorable than in the PSC-coated wells (Fig. 3B) , as the coating with PSC-CMD significantly accelerated cell growth 1-5 d after inoculation, and showed markedly higher cell growth than that of the control on and after 5 d. This indicates that PSC-CMD provided a good environment for the adhesion and cell growth of fibroblasts.
The adhesion and growth behavior of endothelial cells to the PSC-CMD-coated wells was also examined. Endothelial cells also preferentially adhered to the PSC-CMD-and PSC-coated wells as compared with the control (Fig. 3C) . The count of cells adhering to the PSC-CMD-coated wells was significantly higher than to the PSC-coated well 60-120 min after incubation. The control wells showed markedly lower cell growth, whereas the coated wells showed good cell growth (Fig. 3D) . In particular, cell growth in the PSC-CMDcoated wells was more favorable than in the PSC-coated wells, as shown by the significant difference in cell counts 3-7 d after inoculation, indicating that PSC-CMD also provided a good environment for the adhesion and growth of vein endothelial cells.
Conjugation with CMD should provide an improved collagen-based material in terms of inhibited platelet aggregation, reduced solubility, good flexibility, moderate permeation of water vapor, and high affinity for fibroblasts and endothelial cells. , coating with PSC-CMD; , coating with PSC; Â, without coating. The asterisk shows significant difference (P < 0:05) against each value for the PSC-coating by Student's t test. Each value is mean AE standard deviation (n ¼ 4). Missing error bars were too close to show.
